Objective: The long QT syndrome (LQTS) is characterized by prolonged repolarization and propensity to syncope and sudden death due to polymorphic ventricular tachycardias such as torsade de pointes (TdP). The exact mechanism of TdP is unclear, but pause-induced early afterdepolarizations (EADs) have been implicated in its initiation. In this study we investigate the mechanism of pause-induced EADs following pacing at clinically relevant rates and characterize the sensitivity of different cell types (epicardial, midmyocardial, and endocardial) to EAD development. Methods: Simulations were conducted using the Luo-Rudy (LRd) model of the mammalian ventricular action potential (AP). Three cell types -epicardial, midmyocardial (M), and endocardial -are represented by altering the channel density of the slow delayed rectifier current, I . LQTS is modelled by enhanced late sodium current (LQT3), or reduced density Ks of functional channels that conduct I (LQT2) and I (LQT1). The cell is paced 40 times at a constant Basic Cycle Length (BCL) of Kr Ks 500 ms. Following a 1500 ms pause, an additional single stimulus is applied. Results: Our results demonstrate that pause-induced EADs develop preferentially in M cells under conditions of prolonged repolarization. These EADs develop at plateau potentials ('plateau EADs'). Mechanistic investigation shows that prolongation of the plateau phase of the post-pause AP due to a smaller delayed rectifier potassium current, I , and enhancement of the sodium-calcium exchange current, I , allows for the reactivation of the L-type calcium Ks NaCa current, I , which depolarizes the membrane to generate the EAD. Conclusions: APD is a very important determinant of Ca(L) arrhythmogenesis and its prolongation, either due to acquired or congenital LQTS, can result in the appearance of EADs. The formation of pause-induced EADs preferentially in M cells suggests a possible role for these cells in the generation of arrhythmias that are associated with abnormalities of repolarization (e.g., TdP). The ionic mechanism of pause-induced EADs involves reactivation of the L-type calcium current during the prolonged plateau of the post-pause AP.
Introduction
some 11, HERG (LQT2) on chromosome 7, SCN5A (LQT3) on chromosome 3, and MinK (LQT5) on chromoThe long QT syndrome (LQTS) is a cardiac disorder some 21. These genes encode ion-channels that play a characterized by marked prolongation of the QT interval. It major role during depolarization and repolarization of the often manifests clinically as syncope, seizures, or sudden action potential (AP). SCN5A encodes the cardiac sodium death from ventricular tachyarrhythmias, specifically torchannel. Its mutation in LQT3 leads to impaired inactivasade de pointes (TdP). To date four LQT genes have been tion of sodium channels and, as a result, to a persistent identified and cloned [1] [2] [3] : KvLQT1 (LQT1) on chromocomponent of the depolarizing I current. An exception to Na this is a recently characterized mutation [4] that results in defective a-b interaction. This point mutation causes a shift in the voltage dependence of I steady-state inactivation block and reentry, which has been proposed to play a Na tion without the development of a persistent current. role in the maintenance of TdP. HERG encodes the fast cardiac delayed rectifier potassium As stated above, the development of arrhythmias in channel. Its mutation in LQT2 acts through a dominant-LQTS is often associated with a pause [22] [23] [24] [25] . In this negative mechanism to cause loss of function of channels study we investigate the effect of a pause after a period of that conduct I current. KvLQT1 is also a cardiac pacing on the electrical response of isolated ventricular Kr potassium channel that interacts with MinK to form a slow myocytes in the context of LQTS and the heterogeneity of cardiac delayed rectifier potassium channel. Mutations in cell types in the myocardium. To accomplish this goal, we KvLQT1 and MinK also act through a dominant negative use a comprehensive mathematical model of the mammechanism, causing a loss of I function. It follows that malian ventricular cell (the LRd model) [26, 27] . It was Ks prolongation of repolarization and of the action potential demonstrated [28] that the cellular heterogeneity described duration (APD) are common to the diverse genetic defects, earlier, is associated with heterogeneity in the relative either due to loss of function of a repolarizing current (as density of the two components of the delayed rectifier in LQT1, LQT2, and LQT5) or due to a gain of function of potassium current, I (slow) and I (rapid). In particular,
Ks Kr a depolarizing current (as in LQT3). Abnormal cardiac M cells are characterized by a significantly lower I Ks repolarization and resulting susceptibility to arrhythmia density than other cell types. Based on these results we can also be acquired. Agents with class III antiarrhythmic have previously shown [29, 30] that decreased I density Ks action (e.g., sotalol, dofetilide) can cause QT prolongation results in properties that are characteristic of the and TdP. Use of such class III agents results in a reduced midmyocardial M cells. These include prolonged APD, repolarizing current and therefore, mimics the loss of greater dependence of APD on rate (adaptation), and function associated with HERG, KvLQT1, and MinK greater sensitivity to interventions that reduce repolarizing mutations.
currents (e.g., agents with class III actions) or enhance The exact electrophysiological mechanism of TdP arisdepolarizing currents. Incorporating these ion channel ing as a result of LQTS is still unclear, but both reentry heterogeneities and the phenotypic changes in the ionic due to dispersion of repolarization [5] [6] [7] [8] [9] and triggered currents associated with the different types of LQTS, we activity associated with delayed repolarization (early aftercharacterize the cellular response following a pause and depolarizations) [10] [11] [12] [13] [14] have been proposed to be responinvestigate the ionic mechanism of EADs that develop sible for the induction and maintenance of the polymorphic under such circumstances. arrhythmia. Early afterdepolarizations (EADs) are secondary depolarizations occurring during the course of the AP. Their appearance depends strongly on the action potential 2. Methods duration (APD). Prolonged repolarization, either acquired (e.g., in response to agents with class III antiarrhythmic 2.1. Cell model action) or congenital (e.g., in the different types of LQTS) can result in the appearance of EADs which are associated The theoretical dynamic model of a mammalian venwith triggered activity and arrhythmias. tricular action potential, the LRd model [26, 27] , provides An extensive body of experimental data [15] [16] [17] has the basis for the simulations in this study. The model is documented heterogeneity of repolarization characteristics based mostly on guinea pig experimental data; it includes in normal ventricular myocytes isolated from different membrane ionic channel currents that are formulated intramural regions. Importantly, a unique subpopulation of mathematically using the Hodgkin-Huxley approach, as cells (mid-myocardial M cells) has been described in well as ionic pumps and exchangers. The model also guinea-pig [17] , canine [16] , and human [15] . These cells accounts for processes that regulate intracellular concen-
display a longer APD, steeper dependence of APD on rate, tration changes of Na , K and Ca . Intracellular 21 and a higher susceptibility to the development of arprocesses represented in the model include Ca uptake 21 rhythmogenic EADs than other cell types in the ventricular and Ca release by the sarcoplasmic reticulum (SR) as 21 wall. These properties suggest that the M cells might play well as Ca buffering by calmodulin and troponin (in the an important role in the development of arrhythmias (e.g., myoplasm) and calsequestrin (in the SR). The model also TdP) that are associated with abnormalities of repolarizaaccounts [31] for the two components of the delayed tion (for review see [18] ). Studies [19] Calsequestrin, SR Ca buffer. I , I , and I are highlighted to indicate their participation in LQT1, LQT2, and LQT3, respectively.
Ks
Kr Na ducted where the slope and V of inactivation were 1 / 2 similarly modified.
Simulation protocols
In the simulations, we have used a discretization time step of 1 ms during most of the AP. However, during the first 20 ms from the start of the pacing stimulus, a time step of 2 ms was used. The difference in computed APD between this adaptive protocol and a fixed time step of 2 ms is negligible, but the saving in computing time is over 30 fold per simulation. The basic protocol involved stimulation of the cell 40 times at a constant cycle length (CL) of 500 ms. After 40 stimuli, an additional stimulus (S2) was applied following a pause of 1500 ms. In order to obtain mechanistic insights, ionic currents and concentrations were computed during the course of the action potential. The strength and duration of the stimulus were 80 mA/mF and 0.5 ms, respectively. APD was measured as the interval between the time of stimulus and 90% repolarization (APD ). that APD is significantly prolonged under such circumThe persistent late I current at 230 mV was calculated to stances. Na be 0.1% of the peak current (which is within the observed values). endocardial) was stimulated 40 times at a constant BCL of 500 ms. An additional stimulus (S2) was applied following a 1500 ms pause after the 40th stimulus (S1). Fig. 4 shows to stabilize at plateau levels following the EAD; it repolarthe last 3 APs preceding the pause and the post-pause AP.
izes back to rest outside the scale shown in the figure. control conditions, the pause causes slight APD prolongaCa into the sarcoplasmic reticulum (SR) [35] . We after a period of rapid pacing on intracellular calcium concentration. To investigate the ionic mechanism responsible for the generation of the post-pause EAD, we examined selected transmembrane currents that are affected by intracellular calcium (since the major effect of the pause is to increase the intracellular calcium transient) during conditions of I reduction as exists during congeni- simulation, EADs did not develop. Ks 
I deactivation acts to prolong the post-pause

AP, allowing I to recover Ca( L)
It is well established that rapid pacing results in the shortening of APD (adaptation) and prevents the appearance of EADs. It has been shown [37,38] that abbreviation of APD at rapid rates involves residual accumulation of I Ks activation (due to incomplete deactivation of I between Ks beats) resulting in a greater repolarizing current. In this study, the M cell was stimulated 40 times at a BCL of 500 ms before the pause was applied. Presence of a pause provides more time for the deactivation of I before the (Fig. 8 panel A, bold line) . Note that the more (EAD takeoff potential), the total repolarizing current complete post-pause I deactivation in the unconstrained (I 1I 1I ) during the post-pause AP is 1.1 mA/ mF,
case (thin line) slows the time course of repolarization while during pre-pause AP it is 1.5 mA/mF. However, the starting from the early part of the AP (arrow in Fig. 8 The study reported in this article examines the effect of and after (bold line) it is clamped to zero prior to EAD formation. It is a pause after a period of pacing in a mathematical model seen that if I is not allowed to completely deactivate or I is not Ks NaCa allowed to become an inward current, EADs do not develop.
of a mammalian ventricular myocyte, under conditions of prolonged repolarization (to simulate LQTS). Our results the main charge carrier for EAD depolarization during late demonstrate that a pause can induce the development of phase 3 or phase 4 of the AP. The different types of LQTS arrhythmogenic early afterdepolarizations. The study highalso act in a non-specific manner to prolong the action lights the importance of the relative density of the delayed potential plateau during the conditional phase. With the rectifier potassium currents, I and I in the development added pause-induced effects, prolongation of the post- development of pause-dependent EADs. The study also chart diagram (Fig. 9 ) summarizes the mechanism of investigates the ionic mechanisms responsible for the pause-induced EADs. It is also likely that AP prolongation, development of EADs in these myocytes under conditions I recovery and reactivation, and EAD development Ca(L) of imposed prolonged repolarization. may occur heterogeneously in the myocardium, thereby enhancing dispersion of repolarization and the likelihood 4.1. Reactivation of L-type calcium current is of arrhythmias such as TdP. responsible for pause induced EADs 4.2. LQTS and arrhythmogenesis The slow component of the delayed rectifier potassium current, I , has been suggested to play an important role Torsade de Pointes, first described by Dessertenne [40] , Ks in rate-dependent adaptation of cardiac myocytes. At rapid is one of the major consequences of long QT syndrome. It heart rates, I accumulates due to incomplete deactivation, has been hypothesized that LQTS results in prolongation Ks resulting in abbreviation of APD. The presence of a pause of cardiac repolarization, which predisposes the myocarafter a period of pacing provides time for complete dium to generation of EADs. When these EADs reach a deactivation of I . The deactivation removes residual I sufficient amplitude, they cause triggered activity that Ks Ks activation, resulting in a significantly smaller repolarizing could be the initiating mechanism of TdP. A common current and a prolonged plateau of the post-pause AP.
feature observed and reported in several studies is a Another consequence of pacing is the accumulation of prominent pause preceding the onset of TdP (for review intracellular calcium. Apart from being a very important see [22] ). Jackman et al. [23] demonstrated enhanced second messenger in various signal transduction pathways, arrhythmia inducibility by a pause which followed a period intracellular calcium is known to play important roles in of rapid pacing. Investigators [41] have also observed a modulating different membrane ionic currents that affect significant increase in heart rate immediately preceding the prevented by clamping its value, EADs did not develop. It is important to distinguish that the primary depolarizing current responsible for the EAD generation is I , while
Ca(L)
I augmentation and I reduction merely act to prolong NaCa Ks the post-pause plateau ('conditional phase') and set the stage for I reactivation. I reactivation seems to be
a universal mechanism of EAD depolarization from plateau potentials ('plateau EADs'). However, previous NaCa onset of arrhythmias. Leclercq et al. [24] observed promirecent study [48] showed that elevation of serum potasnent pauses and acceleration of the ventricular rate prior to sium in patients with LQT2 resulted in reduction of the QT fatal episodes of TdP and ventricular fibrillation in a large interval. It was suggested that this was due to the increase number of patients. From these studies, it becomes evident in the conductance of I (which is proportional to the arrhythmias. This change in cycle length has often been increased from 5.4 mM to 8.0 mM in our simulations of referred to as the short-long-short (SLS) initiating se-LQT2 (data not shown), pause-induced EADs were quence and appears to play an important role in the genesis abolished. Another important observation made in this of TdP. Our studies clearly demonstrate the possibility for study is that the effects of a pause are less prominent with development of plateau EADs after a period of pacing LQT1 than with the other types of LQT (note the high followed by a pause, in agreement with experimental percentage of I reduction necessary to initiate pauseKs observations. We also show that development of such induced EADs in Fig. 4 ). pause-induced EADs is dependent upon the levels of A recent study by An et al. [4] identified a novel LQT3 1 intracellular calcium and the duration of the pause. Sudden mutation that affects Na channel activity through defeccycle length changes not only affect calcium dynamics, tive interactions between a and b subunits. Specifically, 1 which in turn alters membrane ionic currents, but also has they observed a shift in the voltage dependence of the a direct effect on the kinetics of different ionic currents, in steady state inactivation curve and a change in the slope particular I deactivation and I recovery. The faster factor. They did not observe any persistent late I during Ks Ca(L) Na the initial period of pacing, the greater the role of the whole cell measurements, in contrast to the presence of Na / Ca exchanger due to calcium accumulation in EAD such current in other sodium channel mutations. We development; the longer the pause the higher the likelihood conducted simulations where we altered the steady state of EAD development due to direct changes of ion channel inactivation of I as described by An et al. [4] . development. b-adrenergic agonists increase heart rate and and Wellens [49] proposed that EADs occurring at positive enhance contraction. They also exert multiple effects on potentials (plateau EADs) could evoke responses from cardiac cells, which include enhancement of calcium and neighboring fibers that have already repolarized completepotassium channel currents (I and I ), increased ly, a process they termed 'prolonged repolarization depenCa(L) Ks calcium uptake by the SR, and modulation of the sodium dent reexcitation'. The presence of cells, such as the M current and the Na / K pump. We have previously shown cells, that have a greater susceptibility to the formation of [39] 45] have been shown to other cell types to interventions that prolong APD. It is reduce EAD formation and also suppress Torsade de possible that EADs generated in these cells also play an Pointes during congenital LQTS. Shimizu et al. [46] important role in arrhythmias that involve prolonged showed a reduction in dispersion of repolarization and repolarization and EAD formation (e.g., TdP). prevention of TdP with late sodium channel block using mexiletine. Potassium channel openers (such as nicorandil 4.3. Limitations of the study [47] that enhances I ) have also been shown to be K(ATP) very effective in the LQT1 form of congenital LQTS. A The simulation studies presented here were conducted in isolated cell models. While TdP occurs in the whole heart, currents during the action potential. It also helps to characterization of the single cell behavior and its underlyunderstand complex, highly interactive phenomena and ing ionic mechanism in isolation provides indispensable relate them to membrane ionic currents (at the ensemble insight into the basis of its behavior in the multicellular current level) and to dynamic changes in the intracellular tissue. Understanding the phenomenon at the single cell ionic environment, as illustrated in this study. level is a prerequisite to its investigation at the multicelluIn view of the fast growing knowledge base in the field lar tissue level, where complex interactions modulate the of ion channel structure-function, it is important and cellular behavior. In the intact myocardium, cells are timely to develop state specific models of ion channels and interconnected through gap-junctions and are exposed to to integrate them into the cellular environment to study the loading conditions that could have major effects on APD cellular electrophysiologic manifestations of single channel and the generation of EADs.
properties. Such representation is especially important in It is known that I decays more slowly than I in the simulation of state-specific phenomena including strucKs Kr guinea-pig ventricular myocytes, but decays more rapidly ture-function modification due to mutation and the effects than I in canine ventricular myocytes. Therefore, I
of drugs that bind to the channel protein only in a Kr Ks accumulation might play a lesser role in determining the particular (e.g., open) state. Development of such models rate-dependence of APD in the canine. The present study require extensive and thorough validation both in isolation shows that APD prolongation following a pause results and as part of the integrated cell environment, and is from both I augmentation and removal of I accumuoutside the scope of this study. Following an initial effort NaCa Ks lation. It is possible that, in the canine, I plays a in our laboratory [51] , we are currently in the process of NaCa dominant role in this process. This possibility is supported developing and validating state-specific models of ion by a recent publication from Burashnikov et al. [19] that channels in the context of simulating the whole-cell provides evidence for involvement of intracellular calcium behavior. The study reported here provides an important loading and electrogenic Na / Ca exchange current in action mechanistic link between cellular behavior and macropotential prolongation in the canine. scopic (ensemble) membrane ionic currents in the LQT It is well established that HERG and KvLQT1 in syndrome. The next obvious step (already in progress in association with MinK form the two delayed rectifier our laboratory) is to relate these phenomena to single potassium currents, I and I , that are most commonly channel properties in a state-specific manner.
Kr Ks found in ventricular myocytes. These channels are part of a large family of potassium channels which also includes Kv1.2, Kv1.4 and Kv2.1 (Shaker family) [50] . These other
